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ABSTRACT
Environmental and anthropogenic influences in the marine environment are primary drivers of behavior and
demographic outcomes for marine birds. We examined factors influencing the foraging patterns of the Westland Petrel
(Procellaria westlandica), a highly threatened, endemic petrel that inhabits subtropical water masses primarily in the
Tasman Sea, with a poorly known at-sea distribution. Risk assessments place the species at moderate risk of population
impacts from fisheries-related mortality. Studies in the 1990s indicated that trawl fisheries would have an important
influence on the Westland Petrel’s foraging behavior. We investigated the influence of climatic conditions, marine
productivity, bathymetry, the core fishery zone, concurrent fishing activity, light conditions, sex, and breeding stage on
Westland Petrel foraging patterns. We analyzed the stable isotopes of carbon and nitrogen from blood sampled during
the incubation period and examined changes in isotopic niche width over a 6-yr period. We found that the Westland
Petrel’s foraging zone varied only slightly between years and that the location of intensively used areas was strongly
influenced by bathymetric slope and latitude, and negatively influenced by chlorophyll-a. The core fishery zone had a
secondary influence, suggesting that these petrels co-occur with fisheries, but are not dependent on waste for food.
Trophic niche width was significantly wider during strong El Nin˜o conditions, indicating that food type, rather than
location, was most affected by climatic variation. Consistent use of one marine area across varying times and
conditions increases the risk of adverse effects of climate or human-induced impacts on the species. However, marine
spatial management tools become viable in these conditions. Further, with rapid increases in sea surface temperatures
and extreme values recorded in the region in recent periods, changes to fisheries zones and distributions of natural
prey of the species are likely to occur and may change the population’s sustainability.
Keywords: Westland Petrel, foraging, environment, fisheries, Tasman Sea, Procellaria westlandica
Des facteurs environnementaux et les peˆches influencent les patrons de queˆte alimentaire d’un oiseau
subtropical, Procellaria westlandica, dans la mer de Tasman
RE´SUME´
Les influences environnementales et anthropiques en milieu marin sont les principaux moteurs des re´ponses
de´mographiques et comportementales chez les oiseaux marins. Nous avons examine´ les facteurs influenc¸ant les
patrons de queˆte alimentaire chez Procellaria westlandica, un pe´trel ende´mique fortement menace´ qui habite les
masses d’eau subtropicales principalement dans la mer de Tasman et dont la distribution en mer mal connue. Les
e´valuations de risques le placent comme e´tant a` risque mode´re´ d’impact des mortalite´s dues aux peˆches sur les
populations. Des e´tudes datant des anne´es 1990 indiquent que la peˆche au chalut aurait une importante influence sur
le comportement de queˆte alimentaire de P. westlandica. Nous avons examine´ l’influence des conditions climatiques,
de la productivite´ marine, de la bathyme´trie, de la zone de peˆche principale, de l’activite´ de peˆche simultane´e, des
conditions lumineuses, du sexe et du stade reproducteur sur les patrons de queˆte alimentaire de P. westlandica. Nous
avons analyse´ les isotopes stables du carbone et de l’azote a` partir d’e´chantillons sanguins pre´leve´s durant la pe´riode
d’incubation et nous avons examine´ les changements dans la largeur des niches isotopiques sur une pe´riode de six
ans. Nous avons constate´ que la zone d’alimentation de P. westlandica variait peu entre les anne´es et que la
localisation des zones intense´ment utilise´es e´tait fortement influence´e par la pente bathyme´trique et la latitude, et
ne´gativement influence´e par la chlorophylle-a. La zone de peˆche principale avait un influence secondaire, sugge´rant
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que les pe´trels cohabitent avec les activite´s de peˆche mais ne sont pas de´pendants des rejets de peˆche pour
s’alimenter. Les niches trophiques e´taient significativement plus larges lorsque fortes dans des conditions El Nin˜o, ce
qui indique que le type de nourriture, plutoˆt que la localisation, e´tait le plus affecte´ par la variation du climat. Une
utilisation continue d’une zone marine a` diffe´rents moments et dans diverses conditions augmente le risque d’impacts
climatiques ou anthropiques ne´gatifs sur l’espe`ce. Cependant, les outils de gestion spatiale du milieu marin
deviennent viables dans ces conditions. De plus, avec de rapides augmentations de la SST et des valeurs extreˆmes
enregistre´es dans la re´gion re´cemment, des changements aux zones de peˆches et dans la re´partition naturelle des
proies de l’espe`ce sont susceptibles de se produire et peuvent affecter la pe´rennite´ de la population.
Mots-cle´s : queˆte alimentaire, environnement, peˆches, mer de Tasman, Procellaria westlandica
INTRODUCTION
Top predators in marine ecosystems are exposed to varied
anthropogenic and environmental pressures, which influ-
ence their behavior and can lead to changes in population
size and distribution (Gales et al. 1998, Croxall et al. 2012,
Phillips et al. 2016). Human activities in the marine
environment can cause the mortality of breeding-aged
individuals, the survival of which is particularly important
to the population viability of long-lived species such as
marine birds, mammals, and reptiles (Tuck et al. 2001,
Lewison et al. 2004, Anderson et al. 2011).
Analysis of factors influencing the demography and
behavior of apex marine predators often indicates that
there is a mix of environmental and anthropogenic drivers
at play (Barbraud et al. 2008, 2009, 2011, Delord et al.
2010, Rolland et al. 2010). While oceanographic frontal
systems are of primary importance to determining prey
distributions and, hence, foraging activity of top predators
(Bost et al. 2009, Bailleul et al. 2010), some environmental
influences only become apparent in certain climatic
conditions and are difficult to detect over short timeframes
(Rolland et al. 2010). Moreover, some factors can influence
individual survivorship both positively and negatively.
Such is the case with commercial fishing, where fisheries
waste can provide large quantities of food for scavenging
birds (Furness 1982, Thompson 1992), but may also kill
adult birds through entanglement and drowning (Wei-
merskirch et al. 1997a, Walker and Elliott 2006, Debski et
al. 2016). With changing environmental conditions (Rhein
et al. 2013), marine food webs (Pauly et al. 1998, Jackson et
al. 2001, Bond and Lavers 2014), and prey distributions
(Weimerskirch et al. 2012, Thorne et al. 2016), an
uncertain future lies ahead for marine vertebrate species,
many of which are threatened with extinction (Croxall et
al. 2012, IUCN 2017).
In the New Zealand region, particularly in the Tasman
Sea, seabird diversity and density is among the highest in
the world (BirdLife International 2004, Alderman et al.
2011, Waugh et al. 2012). Approximately one-third of the
346 seabird species globally nest in or visit the 4 million
km2 New Zealand Exclusive Economic Zone (NZEEZ), the
4th largest in the world (Mansfield 2006). Of the 92
indigenous seabird taxa resident in New Zealand (Ministry
for the Environment and Statistics New Zealand 2016),
more than half are listed as threatened or at risk of
extinction (IUCN 2017, Robertson et al. 2017). The New
Zealand region holds more threatened single-site endemic
species than any other region globally (Croxall et al. 2012).
Further, rapid changes in sea surface temperature (SST) in
the Tasman Sea have been signaled (Oliver et al. 2014),
with extreme anomalies of temperatures 68C above
average measured in recent periods (Palmer 2017). Such
changes may contribute to the occurrence of extreme
weather events, putting additional pressure on nesting
habitat (Waugh et al. 2015b). The conservation stakes in
managing human and natural impacts on vulnerable
wildlife populations in this region are therefore high.
To provide protection for marine species at risk from
multiple threats, an understanding of core feeding habitats
is essential (Montevecchi et al. 2012,Wakefield et al. 2013).
To this end, remote tracking methods that can accurately
locate tagged individuals in space and time are commonly
used to define core habitats and to delimit spatial
management zones (Awkerman et al. 2005, Pe´ron et al.
2010, Lascelles et al. 2012, Thaxter et al. 2012). Using GPS
tracking, we explored the foraging patterns of a threatened
seabird, theWestland Petrel (Procellaria westlandica), over
a 6-yr period in the Tasman Sea, during different stages of
the species’ breeding cycle and across climatic conditions.
The Westland Petrel is present at its breeding colonies
between March and December each year. Postbreeding
birds migrate to South American waters (Brinkley et al.
2000, Landers et al. 2011). While considerably smaller
(~1,200 g) than the closely related, but better-researched,
albatross species in the region, the Westland Petrel shares
many demographic traits with them, including low
fecundity but high adult survival (Warham 1990, Waugh
et al. 2015a). The Westland Petrel is exposed to numerous
threats on land and at sea (Richard and Abraham 2015,
Waugh and Wilson 2017), including potential predation by
pigs (Sus scrofa) and dogs (Canis familiaris), breeding
habitat degradation from extreme weather events, attrac-
tion to lights of fledgling young, and fisheries-related
mortality in New Zealand and South American waters. In
view of these threats and considerable storm-induced
damage to the breeding areas of 75% of the population, the
species had its threat ranking increased in 2017 to
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Endangered (BirdLife International 2017), and is consid-
ered Naturally Uncommon under the New Zealand
national conservation prioritization system (Robertson et
al. 2017).
Feeding association with and mortality due to fisheries
are traits that the Westland Petrel (Freeman 1997, 1998,
Freeman et al. 2001) shares with many congeners (Neves
and Olmos 1998, Neves et al. 2005, Delord et al. 2005,
2010, Freeman et al. 2010). Populations of these large
Procellaria species contribute the highest numbers of birds
killed incidentally by fisheries around the Southern Ocean
(Anderson et al. 2011), leading to a high risk of adverse
population impacts (Debski et al. 2016). However, the
adverse effects of fisheries on the Westland Petrel have yet
to be quantified (Phillips et al. 2016, Waugh and Wilson
2017). Diet studies conducted in the 1990s indicated
interactions of the species with a fishery for hoki
(Macruronus novaezelandiae) and hake (Merluccius aus-
tralis), which operates close to its breeding colonies.
Freeman (1997, 1998) found that up to 63% by weight of
chick diet was composed of fish species discarded by this
trawl fishery that were unlikely to be natural prey of the
petrels. The main component of their natural prey of fish
comprises several species of lanternfishes (Myctophidae)
that migrate vertically in a diel rhythm and are found near
the surface during nighttime (Robertson and Clements
2015). It has been speculated that the provision of fisheries
waste from the hoki and hake fishery from the 1970s
onward led to an increase in the population of the
Westland Petrel (Marchant and Higgins 1990). This is a
spawning fishery (Ministry for Primary Industries 2016),
indicating a rich and productive region utilized by a range
of marine vertebrates. The fishery has undergone 10-fold
catch fluctuations since the mid-1990s (Ministry for
Primary Industries 2016), which may have resulted in a
reduction in benefit to the petrels from feeding on fisheries
waste in the present day compared with earlier decades.
Population modeling has shown an ongoing increase in the
species’ population over the 42-yr period. Since 1970,
population growth has been most strongly related to the
Southern Oscillation Index (SOI) and not fishery factors
(Waugh et al. 2015a). The core foraging habitat of
Westland Petrels is over the continental shelf of western
New Zealand in subtropical waters (Freeman et al. 1997,
2001, Landers et al. 2011). This zone is shared with several
top marine predators that are threatened with extinction
and endemic to New Zealand (Bra¨ger and Schnieder 1998,
Stahl and Sagar 2000a, 2000b, Taylor 2000, Forest and Bird
2014). This region is therefore of high importance for
protected species conservation, and is listed by BirdLife
International as an Important Bird Area (Forest and Bird
2014).
Our study aimed to identify the environmental and
anthropogenic drivers of the foraging distribution of the
Westland Petrel during its breeding period, to help
conservation managers to monitor and mitigate adverse
effects on the species’ population. Therefore, we modeled
the species’ foraging distribution during 4 yr over its
prebreeding (2011), incubation (2011, 2012, 2015, 2016),
and chick rearing (2012, 2015, 2016) periods. We explored
the relative importance of physical and anthropogenic
variables, including bathymetric slope, location (degrees
north and west of the colony), light conditions (daytime and
nighttime), trawl fishing activity that occurred during
foraging trips, the core fishing zone, chlorophyll-a levels
(Chl-a), SST, and an index of the El Nin˜o–Southern
Oscillation (SOI), as well as the biotic factors of sex,
distance traveled, and breeding stage. We were particularly
interested in the influence of fishing activity that occurred
during Westland Petrel foraging trips on foraging intensity.
We expected that concurrent fishing activity would be a
dominant influence on Westland Petrel foraging, based on
previous study of the petrel’s association with trawl fisheries,
and that environmental factors, the core fishing zone,
climate, and breeding stage would have lesser influence.We
also conducted stable isotope analyses to assess the
importance of foraging zone on trophic niche width.
METHODS
Study Site and Study Species
The Westland Petrel is a large procellariiform seabird that
nests in coastal ranges near Punakaiki, Westland, New
Zealand (42.1468S, 171.3418E). Individuals during the
incubation period in July during our 2011–2016 research
sessions weighed on average 1,235 g 6 128 g (n ¼ 147).
The Westland Petrel is 1 of 6 taxa in the genus Procellaria
(Techow et al. 2009, 2016), of which 3 are endemic to New
Zealand, while the others have South Atlantic or circum-
Antarctic distributions (ACAP 2017a). There is an
estimated annual breeding population of 2,800 breeding
pairs (ACAP 2017b). Breeding starts in March with
prebreeding attendance at colonies. Westland Petrels lay
a single egg in late May–early June which is incubated for
~69 days (Waugh and Bartle 2013). Chicks are fed by both
parents until at least November. For this study, birds were
accessed in burrows fitted with inspection hatches at the
Scotsman’s Creek study colony in 2011, 2012, 2015, and
2016. These years were chosen partly in response to
disruption of the study by storm activity, which reduced
the study colony by ~25–50% in burrow numbers in 2014
(Waugh et al. 2015b), and partly to cover the range of
climatic conditions desirable to examine the influence of
the SOI. In 2011, 16 of 21 tracks of prebreeding birds were
from an adjacent colony, ,1 km distant from the main
study area. These 2 colonies have some interchange of
birds and are therefore considered part of the same colony
complex (Waugh et al. 2015a).
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Sampling Methods
Adults were sexed by genetic and morphometric analyses,
with at least one bird of each pair sexed genetically.
Breeding success was measured as the number of breeding
attempts (eggs laid) that resulted in surviving chicks,
numbers of which were estimated in September. Standard
error for these rates was calculated by taking the square
root of the variance, accounting for demographic stochas-
ticity, following Akc¸akaya (2002). Chicks were weighed
between November 14 and 17 each year using a 2,500 g
Pesola balance (with precision 6 20 g; Pesola, Schindellegi,
Switzerland). Breeding success was compared between the
colony where most accessible breeding birds were
equipped with data loggers and one where fewer than
10% of breeding birds were equipped with loggers in a
given year, reported by Waugh and Wilson (2017). The
authors reported no significant differences in breeding
output between these groups.
One hundred and one I-Got-U GT120 loggers (Mobile
Action Technology 2016) repackaged in waterproof tubing,
measuring 44 3 28 3 11 mm and weighing 25 g, were
deployed on petrels. Loggers were attached to the back
feathers of study birds using adhesive tape. The logger mass
was ,2% of the average bird’s body mass and less than the
recommended 3% mass guideline to limit impacts on
species’ behavior (Phillips et al. 2003). Loggers were
deployed in the prebreeding period (mid-March) in 2011,
in the incubation period shortly after laying (late May) to
mid-incubation (early July) in 2011, 2012, 2015, and 2016,
and in the mid chick rearing period (late August to mid-
September) in 2012, 2015, and 2016 (see Table 1 for sample
sizes for each tracking session). Data loggers recorded
information at 5–15 min intervals, as a tradeoff between
accuracy of information and the need to maintain battery
life and to record complete tracks. Loggers were removed
after each bird had completed 1 trips at sea (average¼ 1.8
trips per bird, range¼1–6 trips), after an average of 15 days.
Westland Petrel Tracking Data
Tracking data were imported into the statistical package R
3.1.3 (R Core Team 2016) and filtered to exclude foraging
trip locations where estimated speed was ,4 km hr1 or
.100 km hr1, or where distance from the colony was
,500 m. We took this approach because our primary
interest was in the foraging distribution of Westland
Petrels and speeds ,4 km hr1 are associated with drifting
TABLE 1. Foraging trip statistics for Westland Petrels by year and breeding period for complete trips with both sexes pooled,
showing the number of tracks and number of individuals (females [F], males [M]) tracked. Values for duration, speed, and distance
are means 6 standard deviation. Area of the 50% utilization distribution (UD) is in km2, and the between-year comparisons of area
used are shown as Bhattacharyya’s Affinity (BA), indicating the percent spatial overlap between years.
Breeding period
Year
2011 2012 2015 2016
Pre-egg
n 21 6 3 [F], 6 11 [M]
Duration (days) 2.7 6 1.9
Speed (km hr1) 13.8 6 5.8
Maximum distance (km) 166 6 115
50% UD area (km2) 22,156
Incubation
n 18 6 1 [F], 6 9 [M] 9 6 2 [F], 6 3 [M] 14 6 6 [F], 6 5 [M] 20 6 7 [F], 6 8 [M]
Duration (days) 2.6 6 2.1 4.7 6 3.1 7.5 6 4.5 5.1 6 3.5
Speed (km hr1) 14.8 6 4.2 19.1 6 5.4 12.6 6 3.4 19.0 6 2.5
Maximum distance (km) 147 6 91 284 6 183 253 6 227 255 6 193
50% UD area (km2) 17,822 17,921 13,665 14,047
BA (cf. 2011) 69% 69% 86%
BA (cf. 2012) 75% 71%
BA (cf. 2015) 86%
Chick
n 29 6 6 [F], 6 6 [M] 6 6 3 [F], 6 3 [M] 18 6 4 [F], 6 12 [M]
Duration (days) 3.0 6 1.8 4.9 6 1.3 2.0 6 1.3
Speed (km hr1) 15.7 6 5.7 11.7 6 3.8 15.2 6 4.2
Maximum distance (km) 171 6 106 182 6 50 127 6 60
50% UD area (km2) 13,572 7,897 11,101
BA (cf. 2012) 85% 83%
BA (cf. 2015) 94%
Breeding success 6 SE (n) 0.71 6 0.12 (14) 0.68 6 0.09 (25) 0.70 6 0.80 (33) 0.55 6 0.80 (40)
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on the water (Torres et al. 2011), whereas speeds .100 km
hr1 are considered unrealistic. Relocations ,500 m from
the colony were removed because seabirds often raft
(Awkerman et al. 2005, Guilford et al. 2008) near the
colony at the beginning and end of foraging trips.
After filtering the data, we calculated the total distance
traveled during each foraging trip, the distance of each
location from the colony, and the light conditions associated
with each location. Daytime was defined as the period
during which the sun’s center was ,128 below the horizon
(corresponding to nautical twilight and daytime), and
nighttime was defined as the period when the sun’s center
was .128 below the horizon.
We also derived the utilization distribution (kernel UD;
Worton 1989) of eachWestland Petrel foraging trip within a
standard grid clipped to the 95% minimum convex polygon
of all filtered locations using the adehabitatHR function
kernelUD (Calenge 2006) in program R. To avoid over- or
under-smoothing, the smoothing parameter was set to h¼
0.2, the smallest value of h that prevented fragmentation of
the 95% UD contour (Kie 2013) of all filtered locations.
Resultant foraging trip UDs were amalgamated into a raster
stack using R package raster (Hijmans 2016).
Anthropogenic and Environmental Data
Fisheries data were extracted from Ministry for Primary
Industries (Wellington, New Zealand) databases, and
included all commercial fisheries activities of trawl, longline,
and gillnet vessels in a zone that overlapped with the area
used by petrels, defined by the starting position of each
fishing event. After inspection of the overlap of fishing
activity with 50% UD kernels of tracking datasets for each
petrel tracking session, fishery overlap by method and target
fish species was tabulated. The fisheries for which fishing
events overlapped .5% of the total tracking session (year
and breeding stage) were retained in the analyses. As no
longline or gillnet fisheries met this criterion, they were not
analyzed further. The UD of concurrent fishing activity was
calculated from the locations of trawl fishing starting
locations that occurred during each Westland Petrel
foraging trip with the smoothing factor set to h ¼ 0.2 and
grid size set to grid¼ 1,000. Concurrent fishing activity UDs
were then converted into rasters, resampled to the standard
grid used for Westland Petrel foraging trips, and amalgam-
ated into a raster stack. This fishing index, termed
‘concurrent fishing activity,’ represented fishing events that
occurred during a foraging trip. In addition, a UD of the
starting locations of all trawling events that occurred during
the petrel tracking sessions over the 6-yr study period was
calculated and resampled to the standard grid. This second
index, termed the ‘core fishing zone,’ represented a zone of
strong trawl fishing activity and marine productivity
compared with surrounding areas, rather than specific
fishing events.
Gridded (cell ¼ 0.889 degrees) Chl-a and SST values
averaged across 8 days were extracted from NOAA
(National Oceanic and Atmospheric Administration)
databases for the periods of bird tracking (M. Pinkerton
personal communication), and gridded 250-m bathymetric
data for the New Zealand region (NIWA 2016) were used
to create a bathymetric slope surface using the terrain
function in R package raster (Hijmans 2016). Chl-a, SST,
and bathymetric slope were then resampled to the
standard grid used for resampling the UDs of petrel
foraging trips. However, SSTwas correlated with latitude (r
¼ 0.46, P , 0.001) and caused variance inflation when
included in mixed effects models, so was removed. SOI
data were sourced from Bureau of Meteorology (2016),
and monthly values were averaged for each year.
Relating Westland Petrel Foraging Patterns to
Environmental and Anthropogenic Factors
Using similar methods to those described by Marzluff et al.
(2004) and Bjørneraas et al. (2011), we extracted the kernel
density estimate (KDE) for each foraging trip location from
Westland Petrel foraging UDs using the extract function in
R package raster (Hijmans 2016). We treated the KDE as a
probabilistic measure of foraging intensity, where a high
KDE was assumed to be associated with intensive foraging
activity and a low KDE was assumed to be related to less
intensive foraging activity or transit. We linked this
response to the gridded anthropogenic and environmental
data: Chl-a, SST, SOI, location relative to the colony, light
conditions, sex, breeding stage, and distance traveled. We
included these variables as they have been found to
influence pelagic seabird foraging distributions (e.g.,
Hyrenbach et al. 2002, Delord et al. 2010, Weimerskirch
et al. 2010, Torres et al. 2011).
To model Westland Petrel foraging intensity, generalized
linear mixed effects models were fit using R package lme4
(Bates et al. 2015). Models were run in 2 stages. Stage 1
modeled Westland Petrel foraging intensity as a function
of latitude, longitude, both measures of fishing activity, and
biophysical context (Appendix Table 3). Stage 2 extended
the best-fitting model from stage 1 with the intrinsic biotic
parameters of sex, breeding stage, and distance traveled
(Appendix Table 3). In total, 19 candidate models were fit
with a Gaussian error structure. The response variable
KDE was log-transformed to achieve normality and
continuous variables were standardized by subtracting
the mean and dividing by the standard deviation. All
models included log(KDE) as the response variable,
latitude and longitude as fixed effects, and bird identity
(hereafter, band ID) as a random effect.
Models were ranked by Akaike’s information criterion
corrected for small sample size (AICc) using R package
AICmodavg (Mazerolle 2013), and marginal and conditional
R2 were calculated (Nakagawa and Schielzeth 2013) for the
The Condor: Ornithological Applications 120:371–387, Q 2018 American Ornithological Society
S. M. Waugh, J. W. Griffiths, T. A. Poupart, et al. Bathymetry and fisheries influence Westland Petrel foraging 375
best model to determine goodness of fit. Normalized
randomized quantile residuals and variance inflation were
assessed for the best models to confirm that the residuals
were normally distributed with homogeneous variance and
that there were no multicollinearity issues of concern.
To understand the patterns of behavior of petrels in
relation to habitat and light conditions, data from 2011
were mapped and plotted in relation to land mass location,
bathymetric features, and light conditions. The map
geographic reference frame was WGS1984, and data
defining the coastline and bathymetry were sourced from
LINZ (2015). The resulting animation showed that birds
were active at night and during twilight as well as during
the day (Waugh 2012). Only 1 yr of data was investigated
because of the heavily time-intensive nature of these
analyses, but it showed patterns of behavior (e.g.,
nocturnal activity, movement associated with fishing
vessels) that were generalized across the dataset when we
examined these factors using statistical models.
The 95% UD represents the overall activity area,
including transit and foraging areas combined. However,
the 50% UD represents the places where the largest
concentrations of locations occurred (Wood et al. 2000).
The spatial extent in km2 of the UDs was calculated in
QuantumGIS using info tools (QGIS Development Team
2012; Table 1). To investigate similarities in foraging areas
between years for the same breeding stage, the spatial
overlap between 50% UDs was calculated using the
kerneloverlap function. The overlap index was calculated
with Bhattacharyya’s Affinity as it is appropriate to
quantify the overall similarity between UDs within the
same breeding stage (Fieberg and Kochanny 2005).
Stable Isotope Analysis
Blood was sampled from 128 birds during incubation
(2011: n ¼ 7 females and 11 males; 2012: n ¼ 12 and 2;
2015: n¼10 and 11; and 2016: n¼ 9 and 9, respectively) to
measure d15N and d13C values, as a means of tracking
changes in trophic relationships for the species. These
isotope ratios change in a predictable and quantifiable way
along the food chain (Hobson and Clark 1992a, 1992b).
Because d15N increases with trophic level and d13C varies
according to the oceanographic zone that marine prey
come from, isotopes allow the determination of relative
trophic level and detection of prey consumption from
inshore vs. offshore waters (Hobson et al. 1994). Less
intrusive than stomach flushing techniques, the isotopic
niche is a proxy of the trophic niche (Jaeger et al. 2010)
and provides a much longer average picture of prey
consumption than just the last meal. Using whole blood,
stable isotopes reflect a period of dietary integration of ~4
weeks (Bearhop et al. 2002). We sampled ~0.1 ml of blood
from each bird using 0.33 ml insulin needles. Samples were
maintained at 5–158C before being frozen within 8 hr of
collection, and were subsequently freeze-dried for pro-
cessing. Subsamples of ground, dried blood were packed
into 4 3 6 mm tin capsules before processing for stable
isotope analyses. Carbon and nitrogen contents (%C, %N)
and isotopic composition (d13C, d15N) were analyzed in
duplicate at the Stable Isotope Laboratory (GNS Science,
Gracefield, Wellington, New Zealand) using an Isoprime
isotope ratio mass spectrometer (Elementar Analysensys-
teme, Langenselbold, Germany), interfaced to a EuroEA
elemental analyzer (Eurovector, Pavia, Italy) in continuous-
flow mode (EA-IRMS). Working reference standards
(leucine, EDTA, caffeine, hair, and sucrose) were calibrated
against international reference materials (IAEA-N1, IAEA-
N2, IAEA-CH6, and IAEA-CH7), and blanks were
included during each run for calibration.
Isotopic ratios (15N/14N and 13C/12C) are expressed as
isotopic deviations (d) defined as:
dð%Þ ¼ Rs  RRef
RRef
3 1000;
where Rs is the isotopic ratio measured for the sample and
RRef is that of the international standards. The d13C value is
relative to the international Vienna Pee Dee Belemnite
(VPDB) standard, and the d15N value is relative to
atmospheric air. Raw values were normalized using
working internal standards calibrated to international
standards and results are expressed in d (%) vs. the
specific reference. Analytical precision of the measure-
ments is 6 0.2%, and reproducibility of the results is
within 6 0.2% for carbon and 6 0.3% for nitrogen (1
rn). As for foraging parameters in the KDE models
(above), sex had little influence on d15N values (F1¼2.88, P
¼ 0.10) or d13C values (F1 ¼ 1.72, P ¼ 0.20); therefore,
isotopic niche analyses were conducted using data for both
sexes combined. Isotopic niches were estimated using
Bayesian standard ellipses computed in R package SIBER,
as described by Jackson et al. (2011) and applied by Jackson
et al. (2012) to compare isotopic resource use between
years. We used the Standard Ellipse Area (SEA) and
estimated the width of the isotopic niche of petrels using
the Bayesian Standard Ellipse area (SEAB). We calculated
the degree of isotopic overlap among the groups (years) of
petrel samples (Jackson et al. 2011) using 10,000 iterations
of the ellipses, and the resulting 50%, 75%, and 95%
credible intervals for the ellipses described the probability
that the trophic niches of the groups of birds overlapped.
Pairwise comparison in niche overlap is expressed as the
Bayesian credible interval in percentages.
RESULTS
Twenty-one loggers failed due to leaks in the waterproof
casing or battery failure before birds left for sea. In 12
cases, loggers were not recovered. This high failure rate
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was attributed to the challenges of working with a
burrowing species. Measures to reduce disturbance of
the study birds included handling birds a maximum of 5
times during the breeding period. No nest failures over the
course of the study were attributed to handling associated
with logger deployment. During the 6-yr study period,
tracks were sampled from 73 individuals, 10 of which were
tracked in 2 sessions and 1 that was tracked 3 times.
Main Foraging Areas
There was strong consistency between years and breeding
stages in the areas most used by Westland Petrels (Figure
1). Between-year Bhattacharyya’s Affinity values showed a
high degree of overlap within breeding stages (69–86%
during incubation and 83–94% during the chick rearing
period; Table 1). Most foraging activity occurred along the
Hokitika Canyon to the southwest of the colony and the
sloping continental shelf edge which runs northeast from
that canyon. Other areas within the 50% UDs were in Cook
Strait around the Nicholson Canyon and off southwestern
New Zealand around the Arawata and Haast canyons. In
their core foraging areas, petrels fed mainly over the
continental shelf, within 1,000 m water depths. Outside
this region, foraging activity was concentrated in water
FIGURE 1. Main foraging areas of Westland Petrels, showing core fishing zones, bathymetry, and the 1,000 m depth contour. Areas
of intensive usage are associated with steep bathymetric slopes south of the colony at Arawata and Haast Canyons (A) (within the
2012 and 2015 50% kernel utilization distributions [UD]); at Hokitika Canyon (H) in the central zone in all years; and in Cook Strait
over Nicholson Canyon (C) between the North Island and South Island (2011 only).
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depths up to 2,000 m (Figure 1). These areas were within
the 95% UD for the species, but outside the 50% UDs for
each tracking session, indicating that they were more likely
to be used in transit or for occasional foraging by
individual birds rather than being a focus of foraging
activity at a population level.
Birds spent on average 2.6–7.5 days at sea (range¼ 0.1–
15.8 days; Table 1), during which time they were within an
average of 147–284 km (range¼ 5–927 km) of the colony.
The duration of trips during chick rearing was normally
distributed with no indication of bimodality in the
distribution (square-root-transformed data, Shapiro-Wilk
Test Statistic ¼ 0.98, P ¼ 0.44, n ¼ 55), which would have
indicated short and long trip feeding strategies (Weimer-
skirch 1998).
Foraging Intensity
The highest-ranked model of Westland Petrel foraging
intensity included all modeled parameters except sex,
which was not informative (Table 2, Appendix Table 3).
The preferred model fit the data well (marginal R2¼ 37%,
condition R2 ¼ 62%). The fixed effects explained ~37% of
the variance in foraging activity; however, 25% of the
variance in foraging activity was attributed to the random
effect of band ID, implying that foraging patterns varied
considerably among individuals.
Model coefficients indicated that Westland Petrel
foraging was concentrated in an area to the southwest of
the colony, in areas where the sea floor sloped steeply, and
in fisheries zones (Figure 2). Models that included both the
core fishing zone and concurrent fishing activity ranked
more highly than those that included just one fishery
variable (Table 2, Appendix Table 3), indicating that both
parameters were influential, but core fishing activity had a
greater influence on foraging intensity. Westland Petrel
foraging intensity was higher at nighttime than during the
daytime and was negatively related to Chl-a and latitude;
the latter was substitutable for sea surface temperature.
Total distance traveled predicted decreased Westland
Petrel foraging intensity, implying that birds that traveled
farther spent proportionally less time foraging. Foraging
intensity was higher during the prebreeding and incuba-
tion stages than during chick rearing.
Isotope Analyses
The SIBER analyses of petrel blood samples taken during
the incubation period showed that there was a similar
dietary spread in all years (Figure 3) except 2015, when
niche width was significantly wider than in 2011 and 2012
but not 2016 (Figure 4). SEAB probabilities were less than
0.95 (therefore not significantly different) for all pairwise
comparisons except in 2 cases: 2011 vs. 2015 (SEAB¼0.98)
and 2012 vs. 2015 (SEAB¼ 0.95). Values of both d13C and
d15N were broader in 2015 than in 2011 and 2012, but
values were similar between all other pairs of years (Figure
4).
Breeding Success
Compared with the long-term average of 65% for the
species (Waugh et al. 2015a), breeding success was high in
most years of the tracking study (68–71%) except 2016
(55%). Chick mass at fledging was slightly heavier in 2015
(1,530 6 203 g, n¼ 23) than in 2012 (1,453 6 281 g, n ¼
16) and 2016 (1,503 6 207 g, n¼ 15), but not significantly
so (F2,51¼ 3.13, P ¼ 0.69).
Fishing Fleets Associated with Petrel Foraging
The trawl fisheries that were dominant in the core foraging
areas of Westland Petrels, in descending order of
importance, targeted hoki, hake, flatfishes (various species
including Rhombosolea plebeian and Colistium nudipin-
nis), red cod (Pseudophycis bachus), and tarakihi (Nem-
adactylus macropterus). There were 825 events that
overlapped with the 50% UD of petrels during prebreeding
TABLE 2. Generalized linear mixed effects models of Westland
Petrel foraging intensity (kernel utilization distribution [KUD])
ranked by Akaike’s information criterion corrected for small
sample size (AICc). Models were run in 2 stages. Stage 1 ranked
models that included anthropogenic, environmental, and
geographic parameters. Stage 2 ranked models that extended
the highest-ranked model from stage 1 by adding Westland
Petrel breeding stage, sex, and foraging distance traveled. K ¼
the number of parameters, wi¼ Akaike weight, and DAICc is the
difference in AICc value from the top model. The candidate
model set is specified in Appendix Table 3.
Model number K DAICc wi Log-likelihood
Stage 1
12 11 0.00 a 0.78 25,816.2
10 10 2.70 0.20 25,818.6
9 10 8.58 0.01 25,821.5
7 9 11.52 0.00 25,824.0
11 10 48,425.43 0.00 50,030.0
6 9 48,446.93 0.00 50,041.7
8 9 48,550.62 0.00 50,093.6
5 8 48,571.68 0.00 50,105.1
2 6 52,405.09 0.00 52,023.8
3 6 52,699.83 0.00 52,171.2
4 6 54,157.64 0.00 52,900.1
1 5 56,259.86 0.00 53,952.2
Stage 2
18 14 0.00 b 0.68 25,050.9
19 15 1.51 0.32 25,050.6
13 12 103.67 0.00 25,104.7
16 13 105.56 0.00 25,104.7
15 13 1,396.01 0.00 25,749.9
17 14 1,397.53 0.00 25,749.7
14 12 1,525.49 0.00 25,815.6
a AICc ¼ 51,654.47.
b AICc ¼ 50,129.78.
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tracking in 2011, and an annual average of 353 during
incubation and 341 in the chick rearing stage across all
years of our study. The target fisheries that overlapped
during prebreeding comprised flatfish (40% of events
within the 50% UD), red cod (11%), tarakihi (17%), ling
(Genypterus blacodes; 7%), and dark ghost shark (Hydro-
lagus novaezealandiae; 7%). During the incubation and
chick rearing periods, the main trawl fisheries that
occurred within the petrel’s 50% UD targeted hake (19%
during incubation, 32% during the chick rearing stage),
hoki (58% and 28%, respectively), tarakihi (9% and 12%,
respectively), barracouta (Thyrsites atun; 0% and 9%,
respectively), warehou (Seriolella spp.; 2% and 13%,
respectively), and flatfish (3% and 6%, respectively). Thus,
we note that a wide range of species targeted by trawl
fisheries occur within the main foraging zone of Westland
Petrels across different breeding stages and years.
DISCUSSION
Work on seabird foraging globally has highlighted the
importance of considering both environmental and
anthropogenic factors when determining their distribu-
tions (Weichler et al. 2004,Wakefield et al. 2009, Thorne et
al. 2016). We undertook a multiyear study of the foraging
distribution of the Westland Petrel across different stages
of the breeding cycle and in a variety of climatic
conditions. We found that a combination of physical,
environmental, climatic, and fisheries factors influenced
the foraging distribution of the Westland Petrel.
FIGURE 2. Model coefficients for the highest-ranked model (model 18; Appendix Table 3) of Westland Petrel foraging intensity
(kernel density estimate [KDE]). Model estimates indicate the response of foraging intensity to each parameter included in the
model. Error bars indicate 95% confidence intervals. Where the error bar excludes zero, the effect is significant. The base level for
comparison is the prebreeding stage and daylight conditions. The magnitude of the effect is indicated by the distance from zero.
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During the breeding season study period, tracked birds
spent very little time near the Subtropical Front, which
passes south of the New Zealand mainland in this region
(Heath 1985). The main zone exploited by the petrels
overlapped considerably with fisheries activity. Several
fishing methods are active in this region, but trawl fisheries
made up .95% of the fishing events in the core areas
where Westland Petrels foraged. We examined the
importance of trawl fisheries to the species’ at-sea
distribution, expanding on knowledge gained in the
1990s and 2010s from tracking studies based on small
sample sizes, and confirmed this species’ core feeding area
to lie within ~250 km of its breeding colonies (Freeman
1998, Freeman et al. 2001, Landers et al. 2011).
For the Westland Petrel, the factor that most influenced
foraging intensity was bathymetric slope. Birds foraged
mostly to the southwest of the breeding colony in areas
where the sea floor sloped steeply, often along underwater
canyon features in 3 regions (Hokitika Canyon within 70
km of the colony, Arawata and Haast Canyons 270 km to
the south, and Nicholson Canyon in Cook Strait, 450 km
to the northeast; Figure 1). The Hokitika and Haast regions
each generate 7.7–9.6 billion m3 of freshwater runoff to the
sea each year, which contributes nutrients to the marine
system of the Tasman Sea (LAWA 2017). These areas were
used in multiple years and/or breeding stages by the
petrels, with a high between-year consistency in areas
used, indicated by the spatial overlap in foraging areas of
69–94% (Table 1). The steeply sloping bathymetric
structures are associated with strong outflow of terrestrial
sediments from large rivers (e.g., Haast River and Hokitika
River) and/or strong upwelling caused by the interplay
between ocean circulation and bathymetric features (in
Cook Strait over the Nicholson Canyon; Heath 1985,
Murphy et al. 2001).
In the New Zealand region, peak zones for oceanic
productivity occur over the Chatham Rise and Cook Strait
and along narrow coastal continental shelf areas (Pinker-
ton 2016), in both spring and autumn (Murphy et al. 2001).
The broader regions frequented by foraging Westland
Petrels had high Chl-a levels across seasons (Pinkerton
2016), suggesting stable and predictable foraging areas, but
the areas used for intensive foraging had low Chl-a levels
compared with neighboring areas. Decoupling of seabird
foraging intensity from the biomass of lower trophic level
prey and primary productivity is a common occurrence
(Gre´millet et al. 2008). The increased foraging intensity in
areas of locally depleted Chl-a suggests a reliance on prey
that are farther up the food chain than crustacea or
copepods which feed directly on phytoplankton. The
reliance on natural foods such as squids and myctophidae
noted in Westland Petrel diet studies in the 1990s
(Freeman 1997, 1998) would explain a disassociation with
Chl-a levels. For example, in the Indian Ocean, lanternfish
(Electrona antarctica) were scarce in shallow, shelf waters,
and most abundant in areas where the water was deep
enough to allow a .250-m diel vertical migration and in
areas where their main prey (primary and secondary
consumers such as euphausid and copepods) were found.
FIGURE 3. Ellipses of isotope values for Westland Petrels by year,
for breeding individuals sampled during the incubation period
(n ¼ 128).
FIGURE 4. Stable isotope Bayesian ellipses run in program R
(SIBER) to determine dietary niches of Westland Petrels in the
Tasman Sea by year, based on blood samples from breeding
individuals sampled during the incubation period (n ¼ 128).
Smaller ellipse areas indicate more restricted diets.
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These associations explained the negative relationship of
lanternfish with Chl-a (Loots et al. 2007). Our study lacks
the prey-density information to assess the trophic factors
which most influence the Westland Petrel’s foraging
behavior, but it seems probable that their fish and squid
prey distributions explain this relationship, and that
decoupling from areas of strong Chl-a concentration
should be expected.
Fisheries activity also had a strong influence on West-
land Petrel foraging patterns, with concurrent fishing
activity and the core fishing zone predicting significant
increases in foraging intensity. However, the core fishing
zone had a larger effect size than concurrent fishing
activity. Similar findings were reported by Freeman et al.
(1998), who studied the foraging activity of Westland
Petrels in the 1990s and found an association in space
with, rather than dependence on, the predominant hoki
trawl fishery in the region (Freeman and Wilson 2002).
The presence of fisheries waste in the diet fed to chicks
(Freeman 1998) suggests that reliance on this food source,
at least to feed chicks, may have been strong in earlier
decades. However, the co-occurrence of seabirds and
fisheries does not imply that interactions between vessels
and birds are occurring, either in terms of incidental
mortality or feeding on waste (Torres et al. 2011). The
nature of such interactions requires detailed behavioral
and fisheries-observer data, such as through concurrent
tracking and monitoring of fisheries (Weimerskirch et al.
2018). The principal commercial fisheries operating in the
core foraging areas of theWestland Petrel during our study
were trawl fisheries. These fisheries should be included in
the set for which enhanced observer activity is conducted,
to examine fishery–petrel interactions. Fisheries targeting
hoki, hake, flatfishes, red cod, and tarahiki should be
monitored during all stages of the petrel breeding cycle. In
the extensively observed hake and hoki fisheries, observer
records indicate very little mortality of Westland Petrels,
but there is little monitoring of the inshore, multispecies
trawl fisheries that occur in the zones heavily exploited by
the petrels during the prebreeding period (Richard and
Abraham 2015). Relatively few fishing events occurred
within the core foraging area of the petrels during chick
rearing (on average, 341 events per 2-week-long tracking
session) and incubation (353 events) compared with the
prebreeding period (825 events).
The new information presented in this study about
prebreeding and breeding season foraging distribution has
the potential to change the Ecological Risk Assessment
ranking for the Westland Petrel. This is because the spatial
distributions used in such assessments have strong
leverage for determining the overall threat levels accorded
to species (Small et al. 2013, Richard and Abraham 2015).
TheWestland Petrel currently ranks 10th most at risk from
population impacts of New Zealand commercial fishing,
and it is likely that this ranking may increase in importance
or severity as the species’ range overlaps with a greater
range of fisheries than was previously known.
The distance that a bird traveled had a strongly negative
influence on its foraging intensity. This is consistent with
tracking research conducted on albatross and petrel
species such as the Wandering Albatross (Diomedea
exulans) and Sooty Shearwater (Ardenna grisea), in which
individuals may adopt a strategy of covering long distances
to increase the encounter rate with prey (Weimerskirch et
al. 1997b, Weimerskirch 1998). In Wandering Albatross,
birds that undertook long foraging trips encountered prey
at twice the rate of those that fed locally but provisioned
chicks more often (Weimerskirch et al. 1997b). However,
Westland Petrels don’t appear to use a ‘short and long trip’
feeding strategy when feeding chicks, as found in some
Procellariiformes (Magalha˜es et al. 2008, Shoji et al. 2015),
and they did not exhibit bimodality in foraging duration
during the chick rearing stage. However, it appears that
longer, looping oceanic trips are more common in some
years than in others for the Westland Petrel, possibly in
relation to prevailing winds and prey availability. In the
strong La Nin˜a year of 2011, birds went the shortest
maximum distances and traveled the slowest. In smaller
seabirds, such as the Slender-billed Prion (Pachyptila
belcheri) and Common Murre (Uria aalge), favorable
conditions led to reduced foraging trip lengths (Burke and
Montevecchi 2009, Quillfeldt et al. 2010), results which
were not mirrored in our study. This may be because
terrestrial inputs (e.g., runoff and sediments) have an
influence on marine productivity in the coastal areas of our
study zone.
Light conditions had a relatively minor, but nonetheless
significant, influence on the birds’ activities. Birds foraged
more intensively at night than during the daytime, with
movement observable throughout the day–night cycle
(Waugh 2012). Lanternfishes have been identified as the
principal naturally sourced (nonfisheries) prey of Westland
Petrels (Freeman 1998). Lanternfish of several species are
very common in the midwater fish biomass of the
Southern Ocean (Robertson and Clements 2015). These
species make vertical migrations daily, reaching shallow
water in the hours of darkness. Their bioluminescence and
presence in the epipelagic zone at night make them an
accessible prey for the petrels (Freeman 1998). Several
species are abundant in the Tasman Sea, with species in the
family Myctophidae the most common and diverse in the
region (Robertson and Clements 2015). Westland Petrels
also feed extensively on squid (families Cranchiidae and
Histioteuthidae), which make up 18% of their diet by
weight (Freeman 1998). These species of squid are
common in the diets of albatrosses around the Southern
Ocean (Cherel and Klages 1998), which dive to relatively
shallow depths (generally,5 m; Prince et al. 1994); thus, it
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has been speculated that seabirds tend to feed on
moribund squid floating at the surface (Croxall and Prince
1994, Cherel and Klages 1998), although direct observation
of these events remains rare. These squids are not in the
same species or family targeted by New Zealand commer-
cial fisheries (Ommastrephidae; Ministry for Primary
Industries 2015); hence, the squid in the petrel’s diet is
unlikely to come from fisheries sources.
Westland Petrel feeding intensity showed slight but
negative variation in relation to the SOI, with stronger
feeding intensity when the SOI was in an El Nin˜o phase.
There were 2 yr during our study with strong SOI indices:
2011 had a strongly positive (La Nin˜a) index, while 2015
had a strongly negative index (El Nin˜o). The other 2 yr of
our study (2012 and 2016) had neutral SOI indices. Thus,
these results may be considered a tendency only. They are,
however, supported by the results of our stable isotope
analysis, which showed that the niche width of the petrels
increased significantly in the year of strong El Nin˜o
conditions (2015) and also had a wider spread of d13C
values, indicating a wider geographical zone used by
foraging petrels (Cherel and Hobson 2007). In this year,
progeny survival and weight tended to be higher than in
other years, indicating a good year for foraging and
breeding performance. Similarly, Quillfeldt et al. (2010),
using stable isotope analysis on New Zealand populations
of Slender-billed Prion, found that this species fed on
higher trophic level prey, favoring squids over crustaceans
in cooler, more favorable conditions.
The differences in foraging intensity between breeding
stages were slight and characterized by high variance
within each stage. Petrels showed lower foraging intensity
in the chick rearing stage than in the prebreeding stage,
but there was no significant difference in foraging intensity
between the incubating and pre-egg or chick rearing
stages. Birds tended to carry out shorter trips in the chick
rearing stage than in the incubation and pre-egg periods.
When seabirds are not constrained by the need to attend
young in the nest, they tend to forage at greater distances
(Thiebot et al. 2011). The sample of only one season of
activity in the prebreeding stage means that our results
may be unrepresentative, and prebreeding foraging activity
warrants further examination.
This study is the first to conduct a multiyear, several-
breeding-stage analysis of the factors driving the foraging
distribution of the Westland Petrel, a threatened endemic
seabird. We found that the species’ foraging activity was
concentrated in the same areas from year to year and was
most influenced by individual bird’s foraging preferences,
secondarily affected by environmental variables (bathy-
metric slope, Chl-a, and latitude, a proxy for SST), and
thirdly influenced by fisheries activity. Predicted changes in
SST and currents in the Tasman Sea suggest an uncertain
future for the Westland Petrel as food resources may
change in location or abundance. Conservation manage-
ment of this highly threatened species should focus on the
elements that have the greatest possibility of being
influenced, specifically the effects of predators on land
and fisheries impacts at sea. Additional research is needed
to resolve land-based and fisheries threats to the species.
The stability of the Westland Petrel’s core foraging areas
makes it possible to institute marine spatial management
to reduce adverse impacts of fishing or seabed mining on
multiple threatened endemic top marine predators in the
region (e.g., Bra¨ger and Schneider 1998, Walker and Elliott
2006, Poupart et al. 2017), such as through the imple-
mentation of marine reserves or restrictions on damaging
activities (BirdLife International 2009, Department of
Conservation and Ministry of Fisheries 2011, Lascelles et
al. 2012). Such areas will need to be at a scale that will
cover key habitat requirements to be effective. Current
marine protected areas in the region cover water within 3
km of the coast only (Department of Conservation 2017)
and therefore are unlikely to afford protection to
vulnerable marine wildlife such as the Westland Petrel.
As a wide-ranging species present in the region for 10 mo
of the year, the Westland Petrel presents a good model
species with which to determine the zones of most
importance for the suite of species in the region.
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APPENDIX TABLE 3. Candidate sets of models used to examine Westland Petrel foraging intensity (kernel utilization distribution
[KUD]). Models were run in 2 stages. Stage 1 models included geographic, anthropogenic, and environmental parameters. Stage 2
extended the highest-ranked model from stage 1 (model 12) to test the parameters of breeding stage (default level¼ prebreeding),
sex, and foraging distance traveled. Band ID was included in all models as a random effect. Fishing area¼ an index representing a
zone of strong trawling activity and marine productivity, Fishing activity¼ an index representing fishing events that occurred during
a petrel foraging trip, SOI ¼ Southern Oscillation Index, Chl-a ¼ chlorophyll-a concentration, and Light regime ¼ daytime vs.
nighttime (default level ¼ day).
Model number Explanatory variables
Stage 1
1 Latitude þ Longitude þ (1jBand ID)
2 Latitude þ Longitude þ Bathymetric slope þ (1jBand ID)
3 Latitude þ Longitude þ Fishing area þ (1jBand ID)
4 Latitude þ Longitude þ Fishing activity þ (1jBand ID)
5 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ (1jBand ID)
6 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI þ (1jBand ID)
7 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ Chl-a þ (1jBand ID)
8 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ Light regime þ (1jBand ID)
9 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI þ Chl-a þ (1jBand ID)
10 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ Chl-a þ Light regime þ (1jBand
ID)
11 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ Light regime þ SOI þ (1jBand
ID)
12 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ
(1jBand ID)
Stage 2
13 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ
Distance traveled þ (1jBand ID)
14 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ Sex
þ (1jBand ID)
15 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ
Breeding stage þ (1jBand ID)
16 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ
Distance traveled þ Sex þ (1jBand ID)
17 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ Sex
þ Breeding stage þ (1jBand ID)
18 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ
Breeding stage þ Distance traveled þ (1jBand ID)
19 Latitude þ Longitude þ Fishing activity þ Fishing area þ Bathymetric slope þ SOI*Chl-a þ Light regime þ
Distance traveled þ Sex þ Breeding stage þ (1jBand ID)
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